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Hyperpolarization-activated, cAMP-gated (HCN)
channels sensemembrane potential and intracellular
cAMP levels. A mutation identified in the cAMP
binding domain (CNBD) of the human HCN4 channel,
S672R, severely reduces the heart rate, but the
molecular mechanism has been unclear. Our bio-
chemical binding assays on isolated CNBD and
patch-clamp recordings on the functional channel
show that S672R reduces cAMP binding. The crystal
structure of the mutant CNBD revealed no global
changes except a disordered loop on the cAMP
entry path. To address this localized structural
perturbation at a whole protein level, we studied
the activity-dependent dynamic interaction between
cAMP and the functional channel using the patch-
clamp fluorometry technique. S672R reduces the
binding of cAMP to the channels in the resting state
and significantly increases the unbinding rate during
channel deactivation. This study on a disease-
causing mutation illustrates the important roles
played by the structural elements on the ligand
entry-exit path in stabilizing the bound ligand in the
binding pocket.
INTRODUCTION
Cardiac pacemaking involves a complex coordination of many
different types of ion channels and transporters (Mangoni and
Nargeot, 2008). One type of ionic conductance, namely the pace-
maker current, has drawn much attention since its identification
more than half a century ago (DiFrancesco and Ojeda, 1980;
Irisawa and Noma, 1984; Noble and Tsien, 1968; Noma and
Irisawa, 1976). It was named If or Ih current due to its unique bio-
physical features: hyperpolarization-dependent activation, regu-
lation by direct binding of intracellular cAMP, and permeable to
both Na and K ions (Brown et al., 1979; DiFrancesco and Ojeda,
1980;Halliwell andAdams, 1982;Hauswirth et al., 1968). Thecor-
responding genes were cloned in 1998 and the channel was
named hyperpolarization-activated, cAMP-gated (HCN) channel2116 Structure 20, 2116–2123, December 5, 2012 ª2012 Elsevier Ltd(Gausset al., 1998; Ludwiget al., 1998;Santoroet al., 1998). Each
functional HCN channel contains four subunits. Within each
subunit, there is a transmembrane domain (TMD), homologous
to that of the voltage-gated potassium (Kv) channel, and acanon-
ical cAMPbinding domain (CNBD) in theC terminus. Between the
transmembrane and the CNBD, there is a 90 amino acid
sequence called C-linker (CL). In both primary sequence and
membrane topology, HCN channels share similarities with cyclic
nucleotide-gated (CNG) and ether a` go-go (EAG) channels in the
superfamily of voltage-gated K channels (Jan and Jan, 1990).
At the molecular level, HCN channels are equipped with the
machineries for sensing voltage and ligand. The S4 segment in
the TMD of HCN channels carries multiple positively charged
residues and functions as the voltage sensor (Bell et al., 2004;
Vemana et al., 2004). On the intracellular side, the CL-CNBD
region comprises the essential molecular machinery for the
cAMP-dependent gating. Direct binding of cAMP to CNBD facil-
itates channel opening by shifting the voltage-dependent activa-
tion toward less negative potentials, increasing the maximal
macroscopic current, speeding up the channel opening, and
slowing down the closing. Crystal structures of the CL-CNBD
region from mouse HCN1, mouse HCN2, and human HCN4
channels have been published (Lolicato et al., 2011; Xu et al.,
2010; Zagotta et al., 2003). They all showed a tetrameric
assembly of CL-CNBD protomers. The CL region contains six
(A0 to F0) a helixes and the CNBD contains eight b strands (b1
to b8) and four a helixes (A, P, B, and C). These crystal structures
are similar to each other, with the RMSD of C-a atoms less
than 1 A˚. The major structure variation was observed in the
loop between the b4 and b5 strands, which form extensive
contacts with the purine ring of the cAMP molecule and
compose parts of the cAMP entry-exit path. A mechanistic
understanding of this loop and the surrounding structural
elements, especially in the context of cAMP-dependent allo-
steric regulation, is still lacking.
On a broader scale, the cAMP-dependent gating in HCN
channels belongs to the realm of protein allostery. According
to the contemporarymodels for protein allostery such as the pre-
existing equilibrium or conformational selection model, different
functional states coexist; ligands preferably bind to and stabilize
the protein in the active state, and thus shift the equilibrium from
resting to active (Changeux and Edelstein, 2011; Goh et al.,
2004). But collecting the direct experimental supports for these
models has been challenging because specific measurementAll rights reserved
Table 1. Summary of Biochemistry and Electrophysiology
Results
Biochemical Binding Assays on Purified CL-CNBDProtein Fragments
Method WT HCN4 HCN4/S672R
ITC (Kd, in mM) 0.8 ± 0.05 11.2 ± 0.5
ITC (DH, in Kcal/mol) 14.2 ± 0.3 7.8 ± 0.8
FA (Kd, in mM) 0.3 ± 0.002 0.8 ± 0.05
Electrophysiologic Characterizations of Full-Length Channels
Method WT S to R Mutation
TEVC (V1/2, in mV) 99.5 ± 0.7 105.6 ± 0.7
(mHCN2-h4)
TEVC (V1/2, in mV) 95.0 ± 0.6 104.9 ± 1.0
(mHCN2)
Inside-out 17.5 ± 0.8 20.2 ± 0.8
patch-clamp (mHCN2-h4)
(max DV1/2, in mV)
K1/2 (mM) 0.2 ± 0.04 10.4 ± 1.1
n (Hill coefficient) 1.2 ± 0.2 1.7 ± 0.3
Inside-out 16.7 ± 0.5 17.7 ± 0.9
patch-clamp (mHCN2)
(max DV1/2, in mV)
K1/2 (mM) 0.07 ± 0.01 2.1 ± 0.3
n (Hill coefficient) 1.3 ± 0.2 1.4 ± 0.2
See also Figure S2.
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Mutation on Ligand Entry Path in HCN Channelsof the ligand binding at a certain functional state is required.
Recent research on the cAMP-gated CNG and HCN channels
have involved patch-clamp fluorometry (PCF), which enables
simultaneous electrical recording of channel activity and optical
recording of ligand binding. PCF results clearly demonstrated
that the binding of cAMP to the functional channel is dynamic
and state-dependent and cAMP preferably binds to the channels
in the open state (Biskup et al., 2007; Kusch et al., 2010, 2012;
Wu et al., 2011). Intriguingly, elements near the activation gate,
which are located in the S6 in TMD, are able to remotely affect
cAMP binding (Wu et al., 2012). From the aspect of ligand-whole
protein interaction, these results greatly improved our under-
standing of the ligand-dependent allosteric regulation, a basic
functioning scheme shared by many signaling molecules.
The exact role played by the cAMP-dependent regulation of
HCN channels in cardiac pacemaking is still unclear. In the heart,
HCN2 and HCN4 are expressed at high levels in the sinoatrial
node (SAN), Purkinje fibers, and atrioventricular node (AVN),
the regions where heart impulses initiate and propagate (Moos-
mang et al., 2001; Shi et al., 1999). HCN channels had been
proposed to be the major driving force for the changes in heart
rate with autonomous stimulations. But the genetic evidence
from transgenic mice and human patients that carry genetic
defects in HCN channels does not support that model. Instead,
recent studies suggested that the cAMP-dependent regulation
of HCN channels critically determines the heart rate at the resting
level but not with heart rate stimulation (Baruscotti et al., 2011;
Ludwig et al., 2008; Nof et al., 2010).
S672R is one of the mutations identified in the human HCN4
channel. It was discovered in patients showing severe sinusStructure 20, 2116–21bradycardia, with an average 29% reduction in their heart rates
(Baruscotti et al., 2010; Milanesi et al., 2006). S672 is located
in the core of CNBD and two residues away from the highly
conserved arginine residue R669. The original electrophysiology
characterizations of the hHCN4/S672R mutant channel re-
vealed a negative shift in the voltage gating, but an unexpected
normal response to cAMP (Milanesi et al., 2006). Here, we
combined biochemistry, structural biology, and electrophysi-
ology approaches to study the molecular mechanisms at both
local and global levels. We found that S672R reduces cAMP
binding by perturbing the stability of a loop on the cAMP entry
path, and at the whole protein level affects the state-dependent
cAMP-full-length channel interaction. These molecular charac-
terizations of a disease-causing mutation improved the under-
standing of the structural elements on the ligand entry-exit
path and helped clarify the role of cAMP gating of HCN channels
in cardiac pacemaking.
RESULTS
S672R Significantly Reduces cAMP Binding to Isolated
CL-CNBD Fragment
We first asked whether S672R affected the local interactions
between cAMP and CNBD. S672 is located two residues down-
stream from R669, a residue that is crucial for the binding of
negatively charged cAMP and highly conserved among cyclic
nucleotide binding proteins (Chen et al., 2001; Tibbs et al.,
1998; Zhou and Siegelbaum, 2007, 2008). Does the positive
charge introduced by S672R contribute to the local electrostatic
potential and affect the binding? To this end, we purified the
wild-type and the S672R CL-CNBD fragments (Figure S1
available online) and used two equilibrium-based binding assays
to measure the binding affinity: the isothermal titration calorim-
etry (ITC) method and the fluorescence anisotropy (FA)
method. For the WT protein, the dissociation constant (Kd) of
cAMP binding was 0.8 ± 0.05 mM. As expected, the binding
process was driven by enthalpy (DH, 14.2 ± 0.03 kcal/mol)
(Figure S2; Table 1). A significant decrease in system entropy
disfavored the binding (6 kcal/mol), which could be attributed
to the rigidification of the cAMP molecule as well as surrounding
structural elements upon cAMP binding. However, for the
S672R mutant protein, we observed a 10-fold decrease in the
binding affinity, accompanied by a significant decrease in heat
release (Figures 1A–1C). The change in system entropy became
insignificant for S672R, indicating an increase in system disor-
derness compared to WT (Figure S2). The stoichoimetry of
cAMP binding was not affected. We also used the FA method,
a more sensitive method suitable for measuring low affinity bind-
ings. We used the R669E protein as a negative control (Xu et al.,
2010). In agreement with the ITC results, FA measurements
revealed a 3-fold decrease in binding affinity for S672R (Fig-
ure 1D). Taken together, these biochemical assays confirmed
that S672R reduces the binding of cAMP to isolated CL-CNBD
fragment.
S672R Reduces the Sensitivity to cAMP in Functional
HCN Channels
Next we studied the effects of S672R on the function of
full-length HCN channels. Because hHCN4 channel does not23, December 5, 2012 ª2012 Elsevier Ltd All rights reserved 2117
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Figure 1. Binding of cAMP to Purified CL-CNBD Fragments of
hHCN4-WT and hHCN4/S672R
(A) Raw ITC results of cAMP binding to hHCN4-WT protein. Rate of heat
change is plotted as a function of injection time.
(B) ITC results for the hHCN4/S672R mutant protein.
(C) Heat exchange versus cAMP: protein ratio. Black, hHCN4-WT protein;
gray, hHCN4/S672R protein.
(D) FA results showing the binding of 8-Fluo-cAMP to hHCN4-WT (black),
hHCN4/S672R (gray), or hHCN4/R669E (black triangle, dashed line) protein.
R669E was used as the negative control for cAMP binding.
See also Figure S1.
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Figure 2. TEVCResults ofMutant HCNChannels Carrying the S672R
Mutation
(A) Representative TEVC recordings for mHCN2-h4 channel. A series of
voltage steps from 50 mV to 150 mV in 10 mV increment was used to
activate the channel. Holding potential was set as 40 mV.
(B) TEVC recordings for mHCN2-h4/S672R channel.
(C) Time constants for voltage-dependent channel activation. Black, mHCN2-
h4; gray, mHCN2-h4/S672R. Error bars indicate SEM.
(D) Deactivation time constant plotted versus the voltage steps used for acti-
vation. Black, mHCN2-h4; gray, mHCN2-h4/S672R. Error bars indicate SEM.
(E) Mean V1/2 values based on TEVC recordings for WT (black) and mutant
channels (gray). The S672R mutation was tested in the background of
mHCN2-h4 channel (left) or mHCN2 channel (right). Results of a two-sample
t test shows the difference between WT and mutant channels was significant
(p < 0.001). Error bars indicate SEM.
(F) Mean time constants of activation (measured at110mV) and deactivation
(activated by120mV and measured at40mV). Black, control; gray, mutant
channels carrying the S672R mutation. Results of a two-sample t test shows
the difference betweens WT and mutant channels were significant (p < 0.05).
Error bars indicate SEM.
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Mutation on Ligand Entry Path in HCN Channelsexpress well in Xenopus oocytes, we swapped the hHCN4
CL-CNBD fragment into mHCN2 channel, a well-characterized
HCN channel that shares high sequence homology with
hHCN4. It has been shown that the chimeric channel, mHCN2-
h4, is able to reproduce key features of cAMP-dependent gating
in hHCN4 channel (Stieber et al., 2003a, 2003b; Xu et al., 2010)
(Figure 2A). We started from using the two-electrode voltage-
clamp (TEVC) method to characterize the mutant channel,
mHCN2-h4/S672R (Figure 2B). Analysis of the current kinetics
revealed that S672R slowed down the channel opening during
activation and oppositely expedited the channel closing during
deactivation (Figures 2C and 2D). The negative shift in the
voltage activation curve of the mutant channel made the mutant
channel more difficult to open (Figure 2E). Together, the negative
shift in V1/2 and the changes in channel kinetics reduce the net
flow of ions through the pore of the S672R mutant channel.
These facts confirmed the loss-of-function nature of the S672R
mutation and were in good agreement with the original biophys-
ical characterizations published in the first report of this mutation
(Milanesi et al., 2006). We also repeated the above experiments
in mHCN2 channel by mutating the corresponding S594 to argi-
nine and obtained similar results (Figures 2E and 2F).
The above experiments were all carried out under the whole
cell recording configuration in which the cAMP concentration
was in the micromolar range — saturating for WT HCN channels
(Wang et al., 2002). As cAMP binding to WT HCN channel shifts
the voltage-dependent activation toward less negative poten-2118 Structure 20, 2116–2123, December 5, 2012 ª2012 Elsevier Ltdtials and affects the channel activation and deactivation kinetics,
the changes in S672R channel biophysics hinted a reduced
sensitivity to endogenous cAMP. To test this possibility, we
measured the dose-response curve for cAMP to regulate
channel function using inside-out patch-clamp recording
(Figures 3A and 3B). Two important parameters were examined:
DVmax, the maximal shift in V1/2 under saturating concentrations
of cAMP, and K1/2 or EC50, the concentration of cAMP at half of
the DVmax. It is noteworthy that K1/2 incorporates the information
of both binding affinity and gating efficacy and thus is conceptu-
ally different from the Kd determined by biochemical methods
(Colquhoun, 1998; Gilson et al., 1997). The dose-response curveAll rights reserved
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Figure 3. Dose-Response Curve of cAMP to Regulate the Function
of Full-Length HCN Channel
(A) Macroscopic currents were collected by patch-clamp recording in the
inside-out configuration in response to a series of hyperpolarizing voltage
steps. Left, control without cAMP. Right, currents recorded from the same
patch with 10 mM cAMP in the bath solution.
(B) The corresponding voltage-dependent channel activation curves based
on the traces shown in (A). Control, open circle and dashed line; cAMP,
filled circle.
(C) Left, macroscopic currents in the absence of cAMP (S672R). Right,
currents in the presence of 10 mM cAMP.
(D) The corresponding voltage-dependent channel activation curves.
(E) Dose-response curves of cAMP to shift the voltage-dependent gating.
DV1/2 is plotted as a function of [cAMP]. The Hill equation was used in curve
fitting (results shown in Table 1). Black, mHCN2-h4; grey, mHCN2-h4/S672R.
Error bars indicate SEM.
(F) Dose-response curves forWTmHCN2 channel (black dashed line) (Xu et al.,
2010) and mHCN2/S594R (gray) channel. Error bars indicate SEM.
See also Figure S3.
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concentrations, and the K1/2 was increased by about 50-fold
(control, 0.2 mM; S672R, 10.4 mM) (Figures 3E, 3F, and S3 for
mHCN2/S594R). Noticeably, the DVmax largely remained the
same, indicating that S672R had no effect on gating efficacy.
Thus, consistent with the biochemical binding assays on isolated
CL-CNBD fragment, these patch-clamp recordings confirmed
that S672R reduces the sensitivity to cAMP in full-length
channel.
Crystal Structure of S672R Mutant Protein
Next we pursued the structural basis for the above functional
assays of the S672R mutant protein. Using purified hHCN4/
S672R protein, we set up crystallization screenings and obtained
crystals of diffraction quality. We used WT hHCN4 structure as
the searching model and obtained the phase information by
molecular replacement. The final structure was refined to
2.6 A˚. The side chain of S672R could be clearly resolved (FiguresStructure 20, 2116–214A and 4B; omit map shown in Figure S4). No significant differ-
ences were discovered at a global level between the WT and
the mutant structures (Figures 4C and S4). But a close-up view
over the region surrounding S672R revealed that the loop
between b4 and b5, from T644 to K648, was disordered. The
side chain conformation of three nearby residues, Y621 on the
b2, E625 on the b2-b3 loop, and L643 on the b4, were signifi-
cantly changed (Figure 4D). The b4-b5 loop contains a highly
conserved lysine residue, K645. The electrostatic repulsion
between S672R and K645 might destabilize the conformation
of the b4-b5 loop. Thus, S672R locally perturbs the conformation
of b4-b5 loop and the packing of nearby side chains, but does
not affect the subunit assembly and the overall structure
(Figure S4).
S672R Affects State-Dependent cAMP Binding
to Functional Full-Length HCN Channel
Still, the above biochemical-structural assays on isolated CNBD
and electrophysiology recordings of functional channel did not
provide an exact answer for how S672R changed the channel
function. To further pursue the mechanism, we asked whether
S672R affected the dynamic interaction between cAMP and
whole channel, which is crucial for the interpretation of cAMP-
dependent allosteric regulation in CNG and HCN channels
(Biskup et al., 2007; Kusch et al., 2010). We used the PCF tech-
nique and used 8-NBD-cAMP as the fluorescent marker for
ligand binding. A previous study confirmed that 8-NBD-cAMP
binds to and regulates HCN channel function comparably to
cAMP (Wu et al., 2011). Because the PCF experiment on
mHCN2 was well established, we studied the mHCN2/S594R
channel that recapitulated key features of the S672R mutation
in HCN4. To monitor the dynamic cAMP binding during channel
activation and deactivation, we collected 20 fluorescent images
along a hyperpolarizing voltage step (Figures 5A and 5B). During
channel activation, we observed a robust increase in cAMP
binding in both WT and S594R mutant channels (Figure 5C).
But during channel deactivation, the release of cAMP from the
mutant channel was almost twice as fast as that of the WT
channel (S672R: 0.44 ± 0.12 s; WT, 0.86 ± 0.14 s). We also
compared the binding of cAMP to the channel in the resting state
by cross-plotting the fluorescence intensity with the current
amplitude for each recording. The shallow slope of the mutant
results indicated a weak interaction between cAMP and the
mutant channel (Figure 5D). Similar conclusions were obtained
using a different experimental protocol (Figure S5). Thus, from
the aspect of cAMP-whole channel interaction, PCF experiments
provide crucial mechanistic insights for the S672Rmutation. The
weakened binding and the faster release of cAMP suggested
that S672R destabilizes bound cAMP in the binding pocket.
Structurally, this could be related with the disordered b4-b5
loop, which is located on the cAMP entry-exit path and in close
contact with the purine ring of cAMP.
DISCUSSION
To interpret protein allostery, it is essential to consider both
the local interaction between ligand and the binding domain
and the global interaction between ligand and the whole
protein molecule. In this study, we investigated an interesting23, December 5, 2012 ª2012 Elsevier Ltd All rights reserved 2119
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Figure 4. Crystal Structure of the hHCN4
CL-CNBD Protein Carrying the S672R
Mutation
(A) 2Fo-Fc electron density map of the region
surrounding S672R contoured at sigma 1.0 level.
(B) Electron density map showing the side chain of
S672R. See Figure S4 for the omit map.
(C) Alignment of WT hHCN4 (green) and S672R
(purple) structures. To simplify the presentation,
a single subunit is shown. Grey circle indicates the
location of the b4-b5 loop and nearby S672R.
(D) A close-up view over the region near S672 in
WT structure or S672R in mutant structure.
Dashed circle shows the position of the b4-b5
loop.
See also Figure S4.
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Mutation on Ligand Entry Path in HCN Channelsdisease-causing mutation discovered in the CNBD of HCN
channel. Our results show that S672R reduces cAMP binding
to the isolated CL-CNBD fragment and the functional channel.
At an atomic level, S672R introduces localized structural pertur-
bations including a disordered loop on the cAMP entry-exit
pathway. At whole channel level, S672R weakens the interaction
between cAMP and functional channel and destabilizes the
bound cAMP. From different and complementary angles, these
results provided an in-depth understanding of this mutation
and illustrated the important roles by the structural elements
on the ligand entry-exit path.
Consistent with original characterizations of the S672Rmutant
channel, our TEVC results revealed a negative shift in voltage-
dependent activation (Milanesi et al., 2006). These whole cell
recordings were collected in the presence of endogenous
cAMP, the concentration of which is saturating for the WT
channel but not necessarily for the S672R mutant channel
(Bo¨rner et al., 2011; Wang et al., 2002). The negative shift in
the voltage gating of S672R channel could be explained by
a reduced sensitivity to cAMP. Indeed, our biochemical binding
assays and patch-clamp recordings confirmed that S672R
reduces the binding of cAMP to isolated CL-CNBD fragment
as well as the full-length channel. This is different from the orig-
inal study of S672R that reported a normal response to cAMP by
the mutant channel (Milanesi et al., 2006), which could be related
with the protocols used in collecting I-V curves. The original
study used a single 60-s voltage ramp while we used a series
of 3-s voltage steps.2120 Structure 20, 2116–2123, December 5, 2012 ª2012 Elsevier Ltd All rights reservedCrystallographic study of the S672R
protein provided a structural explanation
for the functional assays: in the mutant
protein, the b4-b5 loop adjacent to
S672R is disordered. As shown by a
previous study on the CL-CNBD of the
WT hHCN4 channel, the b4-b5 loop
contributes to the unique responses to
cAMP observed in the full-length channel
(Stieber et al., 2003b; Xu et al., 2010).
Moreover, the major structural deviation
among the CL-CNBD structures of
HCN1, 2, and 4 isoforms is located in
b4-b5 loop (Lolicato et al., 2011).Together with our current study on S672R, these observations
support a model that the structural elements in close contacts
with the purine ring of cAMP, including the b4-b5 loop and
the C helix, function like fingers in holding the bound cAMP
molecule, thus stabilizing it in the binding pocket (Figure 6).
This function is different from that of the highly conserved
R669 in HCN4 or R591 in HCN2, which plays a crucial role in
initial ligand recognition and ligand binding by forming a strong
electrostatic interaction with the negatively charged cyclic phos-
phate group in cAMP. As shown by the studies with S672R, any
compromises to the interaction between the purine ring of cAMP
and nearby structural elements, including the b4-b5 loop and C
helix, could have severe consequences such as weakened
binding and faster release of ligand from the binding pocket. A
comparison of the MD simulation results for the WT and the
S672R mutant proteins provided further evidence for this model
(Figure S6).
In summary, our study of the S672R mutation illustrated that
mutations affecting the structural integrity of the ligand entry
path could have remarkable effects on ligand-dependent
gating, and, as a result, could lead to severe physiologic conse-
quences. The research strategy of combining multidisciplinary
approaches is effective in dissecting out the often complicated
molecular nature of isolated point mutations. Moreover, because
the patients carrying the S672R mutation show a significant
drop in heart rate, our results provides further evidence for the
cAMP-dependent gating of the HCN channel in maintaining
a normal heart rate.
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Figure 5. PCF Results of the mHCN2/S594R Mutant Channel
(A) Twenty images were collected along the voltage step for channel activa-
tion. Top, voltage protocol. Middle, the macroscopic current trace. Bottom,
real time TTL signal from the CCD camera exposure port reporting the timing of
image collection.
(B) Bright field image (BF) of the membrane patch (indicated by arrow), the
corresponding fluorescence images collected before (no. 2, reference), near
the end of (no. 12), and after the 3-s hyperpolarizing voltage step (no. 16).
(C) Normalized DDF traces for WT mHCN2 (black) and mHCN2/S594R
(gray) channels. At t = 5.33 s, results of a two-sample t test shows a sig-
nificant difference between WT and S672R (p < 0.01). Single-exponential
function was used for curve fitting. tactivation: mHCN2/S594R, 7.09 ± 4.51 s;
WT, 3.00 ± 1.29 s. tdeactivation: mHCN2/S594R, 0.52 ± 0.10 s;WT, 1.04 ± 0.27 s.
Error bars indicate SEM.
(D) Comparing the binding of cAMP to the WT (black) or the mutant (gray)
channels in the resting state. Each dot represents the tail current (x axis) versus
the fluorescence intensity (y axis) for a single patch. Linear equation was used
for curve fitting.
See also Figure S5.
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Figure 6. Structural Elements Responsible for Ligand Recognition,
Binding, and Stabilization in the CNBD of the HCN Channel
(A) A close-up view over the CNBD structures of WT hHCN4 (green) and
hHCN4/S672R (purple). The side chains of S672 (green) in WT protein or
S672R (purple) in mutant protein are shown. The side chain of R669 and cAMP
molecule are colored according to the atom type. The b4-b5 loop and C helix
are indicated.
(B) A schematic drawing shows the binding of cAMP is coordinated bymultiple
structural elements including C helix (thumb), b5 (index finger), b4 (middle
finger), and R669 (center of the palm).
See also Figure S6.
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DNA Cloning, Protein Expression, and Purification
Construction of the pSMT3-hHCN4C plasmid, and expression and purification
of hHCN4 C-terminal fragment (D521 to K724) have been described previously
(Xu et al., 2010). The S672R mutation was introduced to the pSMT3-hHCN4C
plasmid using the QuikChange Site-Directed mutagenesis kit (Stratagene).
The plasmid was transformed into BL21 (DE3) Gold (Novagen). Protein
expression was induced by adding IPTG. Cell pellets were first resuspended
in ice-cold 2X PBS and broken down by sonication. A HisTrap column was
used during the first purification step (GE Healthcare). The Smt3 tag in the
fusion protein was removed by incubation with Ulp1 protease. hHCN4/
S672R protein was further purified using a HiTrap Q column, a HiTrap S
column, and a HiLoad 16/60 Superdex 75 column (GE Healthcare). Final puri-
fied protein was concentrated to over 10 mg/ml in the buffer containing 5 mM
MES-NaOH and 50 mM NaCl at pH 6.0.
Crystallization, Data Collection, and Model Building
Crystallization trials were set upwith screen kits fromEmerald BioSystems and
Hampton Research, using the hanging drop vapor diffusion method. hHCN4/
S672R protein in complex with 1 mM cAMPwas mixed with the reservoir solu-Structure 20, 2116–21tion at 1:1 ratio. Single crystals were grown at 4C under the condition of 1.6 M
KH2PO4/Na2HPO4 and 0.1 M phosphate-citrate at pH 4.2. Prior to flash
freezing in liquid nitrogen, crystals were cryoprotected by soaking in the
solution containing 1.6 M KH2PO4/Na2HPO4, 0.1 M phosphate-citrate, and
15% glycerol at pH 4.2.
One native data set diffracted to 2.6 A˚ was collected at VCU home X-ray
source, which is equipped with Stream Cryogenic Crystal Cooler system
(Molecular Structure Corporation, MSC), R-Axis IV++ image plate detector,
and Rigaku MicroMax-007 X-ray source with MSC Varimax confocal optics.
The data set was processed using d*TREK. This crystal belongs to space
group I422. The phase information was obtained by molecular replacement
using the program PHASER. Mouse HCN2 structure (PDB number: 1Q5O)
was used as the search model. The COOT program was used in manual
building of the structure model. Initial structural refinement was performed
with the program CNS using iterative cycles of simulated annealing. The
program REFMAC was used during the final structural refinement (Table 2).
Structure illustrations were produced with the program VMD (Humphrey
et al., 1996) or PYMOL (The PyMOL Molecular Graphics System, Version
1.5.0.4 Schro¨dinger, LLC.).
cAMP Binding Assays: Isothermal Titration Calorimetry and FA
Two equilibrium methods, isothermal titration calorimetry (ITC) and FA, were
used to measure binding affinity. For ITC experiments, 40 ml of cAMP at
1.25 mM was sequentially injected into the sample cell that contains the
protein sample at 75 mM (iTC200Microcalorimeter byMicrocal). The exchange
of heat (DH) and the binding affintiy (Kd) were obtained by fitting the curve of
heat exchange versus protein: cAMP ratio. For FA experiments, different23, December 5, 2012 ª2012 Elsevier Ltd All rights reserved 2121
Table 2. Diffraction Data and Structure Refinement
Crystal Parameters
Space group I422
a (A˚) 95.46
c (A˚) 115.98
Zaa/Solvent content (%) 1/55.02
Data Collection
Wavelength (A˚) 1.5418
Bragg spacings (A˚) 50–2.6 (2.69–2.6)
Total reflections 55982
Unique reflections 8484
Rmerge (%)b 5.5 (23.2)
Average I/s 24.4 (3.6)
Completeness (%) 99.1 (100)
Redundancy 6.60 (6.57)
Refinement
Bragg spacings (A˚) 50–2.6
Rwork (%)c 25.7
Rfree (%)c 29.7
Averge B-factor (A˚2) 48.1
Rmsd Bond/Angle ideality (A˚/) 0.007/1.238
Total atoms 1694
Protein residues/cAMP/H2O 199/1/60
Ramachandran Analysisd
Most favored 87.6%
Additional allowed 11.4%
Generously allowed 1.1%
Disallowed 0.0%
Values in parentheses indicate the corresponding statistics in the highest
resolution shell.
aZa: number of molecules per asymmetric unit.
bRsym = (SjIh  < Ih > j)/SIh, where < Ih > is the average intensity over
symmetry equivalent.
cRwork = SjjFoj  jFcjj/SjFoj. Rfree is equivalent to Rwork, but calculated for
a randomly chosen 5% of reflection, which were omitted from the refine-
ment process.
dAnalysis was performed with PROCHECK from the CCP4 suite.
Structure
Mutation on Ligand Entry Path in HCN Channelsconcentrations of protein samplesweremixedwith a fluorescent cAMP analog
(8-Fluo-cAMP from Biolog at 10 nM). Fluorescence anisotropy was measured
with a BEACON 2000 fluorescence polarization system. Kd was obtained by
fitting the curve of FA versus protein concentration.
Functional Expression in Xenopus Oocytes and Electrophysiologic
Characterization
The DNA sequence encoding the CL-CNBD domain of hHCN4 channel (D521-
N739) was cloned into the mHCN2 sequence through the cut sites of pflmI and
BsmI. After an overnight linearization using SphI, DNA template was purified by
phenol-chloroform extraction. mMessage machine (Ambion) was used for
in vitro cRNA synthesis. Forty to 50 ng of cRNA was injected into each oocyte
at stage VI. After 1-2 days of incubation of injected oocyte at 17C, TEVC was
used to record HCN current under whole cell condition. The electrode was
filled with 3 M KCl. The bath solution contained (in millimoles) 110 KCl, 1
MgCl2, 10 HEPES 10, and 1 EGTA (pH 7.4 adjusted by KOH). For patch-clamp
recording in the inside-out configuration, the following pipette and bath solu-
tions were used (in millimoles): 110 KCl, 1 MgCl2, 1 EGTA, 10 HEPES (pH
7.4 adjusted by KOH). All experiments were carried out at room temperature.2122 Structure 20, 2116–2123, December 5, 2012 ª2012 Elsevier LtdPatch-Clamp Fluorometry
The PCF setup was constructed utilizing an Olympus BX50WI microscope
equipped with a 603 water immersion lens (LUMPlanFL). A 473-nm Diode-
pumped solid-state laser was used as the excitation light source. The following
filter set was used for collecting NBD fluorescence: exciter, D480/30; dichroic
mirror, DC505LP; emitter, D510LP. Optical signals were detected with an
EMCCD camera (Cascade 1K by Photometrics). A DAQ board by National
Instruments was used for analog and digital I/O. The laser light source, the
CCD camera exposure, and the amplifier for patch-clamp recording were
synchronized by TTL signals. Fluorescence images were analyzed with the
ImageJ software. The TurboReg program was used for image alignment. For
measuring the fluorescence signal specific to the excised membrane, a region
of interest (ROI) was selected around the arc of membrane patch in the
recording pipette. DF was defined as the mean fluorescence intensity in ROI
with the background fluorescence subtracted. The DF value collected at the
holding potential of 40 mV, corresponding to the binding of cAMP to the
channels in the closed state, was used as a reference to normalize the fluores-
cence signals collected along a voltage step (DDF). The fluorescent cAMP
analog, 8-NBD-cAMP, was obtained from Biolog.
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